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To create better enzyme for enhanced yield of industrial products is a challenging task in protein engineering. It requires 
lots of resources to manipulate or mutate enzymes experimentally. Computational biology helps in studying the mutational 
effects on enzymes’ structure and stability. The enzyme selected for our study is a Resveratrol-cleaving Dioxygenase that 
convert resveratrol to vanillin. Using comprehensive computational investigation, we studied the catalytic activity of 
Resveratrol-cleaving Dioxygenase at the molecular level. We introduced site directed mutations to create mutants of the 
Resveratrol-cleaving Dioxygenase and studied its interactions with resveratrol by Molecular docking and Molecular 
dynamics simulations. Here, by investigating the interactions between the mutant Resveratrol-cleaving Dioxygenase and the 
substrate allow us to highlight the improved performance of mutants over the wild type Resveratrol-cleaving Dioxygenase. 
It was observed that mutant1 is as stable as wild type of enzyme and has a better affinity toward substrate as the formation 
of hydrogen bond has increased as compared to wild type. Hence we propose that mutant1 if created in lab could provide 
better yield. 
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Vanillin is a crystal powder with vanilla like odour. It 
is sweet in taste and is one of the most used 
flavouring agents in the food industry1. The uses of 
vanillin are widespread ranging from cosmetics to 
pharmaceutical industries. Moreover, vanillin is also 
reported to have anti-cancer properties2,3 making it a 
potential antitumor drug candidate.  
Typically vanillin is extracted from the seed pods of 
Vanilla planifolia, generally grown in the tropical 
regions4. However, the tradition process of vanillin 
extraction is very time consuming and could not meet 
the demand of end consumers5. Therefore, new 
methods such as chemical synthesis and 
biotransformation etc. are devised to enhance vanillin 
production. As the product of chemical synthesis is not 
considered as natural and leads to environmental 
pollution, the alternative approach of biotransformation 
is being preferred for vanillin production6. 
Currently, various enzymes are employed for the 
biotransformation of natural compounds, like lignin, 
phenolic aldehydes etc. into vanillin7–9. Resveratrol-
cleaving Dioxygenase converts a wide range of 
stilbenes compounds into vanillin. Resveratrol is 
derived from the stilbenes which are abundantly 
found in grapes and peanuts. Moreover, consumption 
of resveratrol is associated with many health benefits 
as it lowers the rate of cardiovascular disease and 
cancer10. It was first initially found in Sphingomonas 
paucimobilis11. Subsequently other Resveratrol-
cleaving Dioxygenase enzymes also known as  
NOV1 was extracted from Novosphingobium 
aromaticivorans12 that cleaves stilbenes into vanillin 
in presence of oxygen. The schematic chemical 
reaction is shown in (Fig. 1). 
However, the process of biotransformation is 
expensive with low yield. Hence, computational 
approaches are used to analyse the binding region of 
Resveratrol-cleaving Dioxygenase and design mutants 
that could increase the yield of vanillin. In our study, 
the motivation is to engineer an enzyme with better 
substrate affinity to facilitate vanillin release. Here, 
we employ a computational approach to enhance the 
enzyme activity before it can be modified 
experimentally. This in turn will save a lot of time and 
resources and provide a molecular view of the 
substrate binding by the protein. 
In this paper, we introduce mutations in the 
catalytic site of Resveratrol-cleaving Dioxygenase 
and investigated the structural changes in the enzyme 
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molecular dynamics simulations, we hypothesized 
that change in the active site of the enzyme that 
promotes better interactions with substrates and 
facilitates vanillin production13. In our study, we 
selected two mutants and investigated their structural 
changes upon ligand binding. We selected the mutants 
in such a way that they promote better hydrogen bond 
formation between the enzyme and the ligands. In 
addition to the changes in the stability to the
structures, we also investigated the variations in the 
active site flexibility of mutated protein using 
principal component analysis and dynamic cross 
correlation maps. 
 
Materials and Methods 
Preparation of protein and ligand  
The X-ray crystal structure of Resveratrol
Dioxygenase was reported (PDB ID: 5J54.pdb) by 
McAndrewet al. in 201614. This structure was used to 
create two mutants by mutating the binding site amino 
acids. The mutants are grouped as mutant1 and 
mutant2. The list of mutated amino acids is presented 
in (Table 1). 
The mutation studies were performed based on the 
prescription followed by McAndrew 
mutants were prepared by PyMol’s mutagenesis 
wizard. The Phenylalanine and Histidine residues 
Fig. 1 — Reaction pathway of Resveratrol-cleaving Dioxygenase 
where resveratrol is converted into vanillin in the presence of 
oxygen 
 
Table 1 — Table describing the positions of the active site amino 
that are mutated in Resveratrol-cleaving Dioxygenase

















et al.15. The 
were replaced with Glutamic acid in mutant1 and 
Serine in mutant2, respectively, to promote the 
hydrogen bond formation with the ligand.
The three-dimensional structure of the wild type 
Resveratrol-cleaving Dioxygenase and the mutants 
are presented in (Fig. 2). The binding site amino acid 
residues are highlighted and labelled 
structures (wild type and the mutants).
We extracted the structure of the ligand from Zinc 
Database16 and MGL Tools converted the Mol2 
format of the ligand to PDBQT structure format. 
 
Molecular docking studies 
We performed the docking study by Autodockvina 
v1.217 due to its accuracy and high speed
docking grid box of 25Å × 25Å × 25 Å was selected 
such that it covers the entire protein’s active site and 
Broyden-fletcher-Gold-farb-shanno algorithm is use
for local optimization of the docked structures. The 
values were set at default and the torsional angles 
were allowed to rotate during the docking process. 
From the AutoDock analysis, we see that the binding 
of the wild type protein and its mutants to th
resveratrol are favourable as they display a negative 
binding energy (kcal/mol) and can be used for the 
further analysis (see Table 2). 
 
Molecular dynamic simulation of Resveratrol
Dioxygenase and its mutants and Mutant
We performed the molecular dynamic simulations 













Fig. 2 — Schematic representation of the tertiary structure of 
Resveratrol-cleaving Dioxygenase (shown in red), mutant
(shown in violet) and mutant 2 (shown in cyan). The binding site 
amino acid residues are highlighted and labelled in all the three 
structures 
 
Table 2 — The binding energy of the wild type protein and its 
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force field20. The structures were solvated with 
TIP3P21 water model. The WT protein was solvat
a cubic box while a dodecahedron solvation box was 
used for the mutants. We kept a minimum distance of 
0.9 nm between the protein surface and solvation box. 
Steepest descent algorithm was used for energy 
minimization. 
The protein and ligand topology files were created 
using Dundee Prodrg 2.522. The protein
then immersed in a hexagonal box and solvated using 
SPC/E water model. The complex was then 
neutralized using sodium or chlorine atoms. After 
solvation, the conflicting contacts wer
energy minimization using steepest descent algorithm. 
The energy minimized structures were equilibrated 
followed by subsequent production phase. The wild 
type, mutants, counter ion and ligand 
restrained during the equilibration. We performed 
50ns MD simulations at 300 K temperature and 1 bar 
pressure using periodic boundary condition. 
We used the GROMACS utilities for analysis of 
the simulation trajectories and data visualization and 
representation was performed using Pymol, VMD
Xmgrace and MATLAB. 
 
Dynamic Cross Correlation map  
Dynamic cross-correlation maps (DCCM)
time correlated motions of all the C-alpha atom pairs in 
the protein molecule. The following equation was used 




(〈∆ 〉〈∆ 〉) /
 
 
where i and j denotes the i-th and 
respectively, and ri andrj are the displacement vector. 
<.......> indicates the ensemble average. Positive 
values of Cij indicate correlated atomic motions in the 
same direction whereas negative value of C
Fig. 3 — Variations in the RMSD of wild type (blue), mutant1 (red) and mutant2 (yellow) as a function of simulation time. All the three 















anti-correlated motion of the
matrix was plotted using gnuplot
 
Principal component analysis  
We performed Principal Component analysis 
(PCA) analysis following the prescription of 
Amadei et al.25 in order to investigate the motion of 
C-alpha atoms throughout simulation. A covariance 
matrix of the fluctuations of C
constructed and the eigenvectors and ei
calculated. The eigenvector gives the direction of 
motion whereas, eigen values indicates the mean 
square fluctuation of the atoms. We plotted the PCA 
using the following equation: 
 
𝐶 = 〈(𝑟 (𝑡) − 〈𝑟 〉 )(𝑟 (𝑡) − 〈𝑟
 
where <> denotes the average fluctuation over time 
and ri, rjdenotes the cartesian coordinates of the i
and j-th atom respectively. 
 
Results  
The active site’s detailed analysis of the 
Resveratrol-cleaving Dioxygenase and its binding 
with resveratrol is demonstrated using extensive 
molecular dynamics simulations. Here, we introduced 
mutations at four active site residues of Resveratrol
cleaving Dioxygenaseenzyme. After creating the 
mutants, the conformational stability of wildtype 
protein and its mutants and their effective binding to 
the ligand were studied using molecular dynamic 
simulation.  
 
Structural analysis of Resveratrol-
its mutants 
The stability of the structures was monitored 
during simulation by calculating the root mean square 
deviation (RMSD) from the starting structures. The 
RMSD plot is reported in (Fig. 3). The initial increase 
 
 atoms. The DCCM 
25. 
 
-alpha atoms was 
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in the value of RMSD of all the models (both wild 
type and mutants) is due to relaxation of the 
structures. The RMSD values reached a plateau after 
10 ns after which all models were stable during the 
50 ns simulation. 
This indicates that the introduction of mutations in 
the WT protein doesn’t impact the overall 
conformational stability of the protein molecule
order to identify the higher flexibility region, we 
calculate the per residue root mean square fluctuation 
(RMSF) as a function of simulation time. From 
Figure 4, we found a similarity in the per residue 
fluctuation of the mutant1 and the wild type p
whereas the fluctuation is higher in the case of 
mutant2 as compared to that of the wild type protein. 
It has been reported the active site residues of 
Resveratrol-cleaving Dioxygenase that are involved in 
cleaving resveratrol into vanillin and are 
K134, H218, H284, S283, F307, E353. Out of these 
amino acids E353, S283, Y101 and K134 form 
hydrogen bond with resveratrol14. The position of the 
active site residues that are mutated are shown by the 
arrows which indicates a higher fluctuation for the 
mutant 2 active site residues as compared to mutant1. 
 
Effect of mutations on the motion of the protein
We calculated the Dynamic cross correlation Map
(DCCM) to investigate the change in correlated 
 
Fig. 4 — Variation in the RMSF of the residues for (A) wild 
function of the protein residue number 











motion of the wild type and the mutated proteins. The 
DCCM analysis provided a complete picture of the 
correlated motion of atoms as presented in 
The strongly correlated region is represented in blue 
while the region coloured in red is strongly anti
correlated. 
In the wild type (Fig. 5A), it was observed that 
there is a strong correlation between residue 1 to 210. 
Anti-correlation can be observed between residues 
210-350. The position of the active site groove is such 
that it lies between residues 1-
479. The position of the active amino acids 
101, 121, 134, 135, 216, 218 283, 284, 307, 353 and 
354. In mutant1 (Fig. 5B), we observe an anti
correlated motion between residue 1 to 210, same for 
the residue 210 to 479. In mutant2 (Fig. 5C), the 
correlation between residue 1 to 370 has increased 
while the anti-correlation has increased between 
residue 350-479. 
The overall movement of the protein was identified 
using Principal component analysis(PCA). The PCA 
of the Cα carbon atom of the wild type protein 
its mutants are shown in (Fig. 6). The porcupine 
plot of the wild type of enzyme is presented in (Fig. 6A
PCA identifies the pattern of the movement of the C
carbon atoms in the protein. It helps in identifying the 
total coordinated motion of the C
expressed by the eigenvectors of
 











α atoms in the protein 
 the covariance matrix  
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Fig. 5 — Residue based correlated motion for the C
blue coloured region blue represents the strong correlated motion while the red represents anti
mutant1; and (C) mutant2 
which is implied by the corresponding eigen values. 
Figure6 depicts the motion of the protein along 
its first eigenvector. In the wild type protein as 
shown by the blue arrow the two parts of the protein 
Fig. 6 — Porcupine plot of (A) wild Type (B) Mutant1 (C) 
Mutant2 as generated from the first eigenvector of Resveratrol
cleaving Dioxygenase and its mutants. The arrow indicates the 





α carbon atoms in the wild and mutated models during the 50 ns of time average. The 




are moving opposite to each and hence facilitates 
the opening of the active site so that the ligand 
molecule can bind to it. In mutant1 same type of 
movement can be seen. However, in mutant2
movement along the first eigen
in the opening of the enzyme active site for substrate 
binding. 
 
Molecular dynamic simulation of Resveratrol
Dioxygenase and its variants in complex with 
The MD simulation of wild type
and the mutant-ligand complexes were performed to 
find out their corresponding stability. The trajectories 
were analysed by the RMSD plot and time evolution 
of hydrogen bond formations at the active
ligand during 50 ns simulation. The RMSD plot is 
presented in (Fig. 7). It can be observed from the 
(Fig. 7) that all the structures have plateaued after 7 
ns. Mutant2 has more fluctuation than wild type and 
mutant1. But overall, all the struct
during 50 ns simulation.  
The hydrogen bond formation between the 
wild type and mutants’ active site and ligand 




A) wild type; (B) 
 
 




 site with 
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The average number of hydrogen bond formed during 
50 ns is tabled in (Table 3). We see that the average 
number of a hydrogen bond is highest in the mutant1 
Fig. 7 — RMSD vs time plot of phenolic stilbenes and variants after docking. The wild type Resveratrol
in blue, mutant1 is shown in red and mutant2 is shown in yellow
 
 
Fig. 8 — Variation in the hydrogen bond formation for (A) wild type, (B
NAL ANALYSIS OF RESVERATROL-CLEAVING DIOXYGENASE
 
 
as presented in (Table 3) and can be observed from 
(Fig. 8). Mutant2 forms less number of hydrogen 
bond than wild enzyme and mutant1.
-cleaving Dioxygenase is shown 
 












Table 3 — The average number of hydrogen bond formation 
between the protein and ligand 
Protein Type Average number of hydrogen bond 
formation during simulation 





In order to increase the efficiency of vanillin 
production by Resveratrol-cleaving Dioxygenase 
enzyme by promoting better interactions with substrates, 
two mutants were prepared and named as mutant1 and 
mutant2. To check the stability of these mutants 
compared to wild type Resveratrol-cleaving 
Dioxygenase enzyme, RMSD and RMSF plot was 
plotted. A lower RMSD indicates the stability of 
protein26,27 and it was found that the average RMSD of 
the wild type and variants is lower than 0.3 Å which 
indicates the stability of the mutant structures28. Also, 
RMSF plot indicates high fluctuation in the mutant2 
whereas the mutant1’s fluctuation is similar to that of the 
wild type enzyme. Moreover, the DCCM studies 
indicate that for mutant2, the overall correlation has 
increased which might affect the opening of the active 
site but in mutant1 DCCM plot has not deviated too 
much from the wild type of enzyme. Further, to check 
the overall movement of mutants, principal component 
analysis was performed. It was found that mutant1 
protein’s movement is similar to the wild type while the 
movement of mutant2 is such that it doesn’t help in the 
opening of the active site.  
To further elucidate the stability of mutants after 
docking with resveratrol, RMSD was plotted and it was 
found all the structure are stable as average RMSD value 
of all structure is below 0.3 Å. But, hydrogen bonding 
analysis between resveratrol and mutants has shown that 
the hydrogen bond formation has increased for mutant1 
and resveratrol complex as compared to wild type  
and mutant2. In conclusion it can be said that mutant1 
which has glutamine at 59 (original Phe), 218 (original 
His), 284 (original His) and 307th (original Phe) position 
is able to improve the original wild type of enzyme as 
the stability of mutant1 has not been affected and it is 
able to form more hydrogen bonds with resveratrol 




In our study, we present an in depth computational 
analysis of the structural basis of Resveratrol-cleaving 
Dioxygenase substrate binding and product release. 
By generating two different mutants of the wild 
typeResveratrol-cleaving Dioxygenase, we investigate 
the requirements of the wild type enzyme in the 
catalytic site for better interaction with substrate 
resveratrol. The RMSD and RMSF studies of wild 
type enzyme and mutants showed that all the 
structures are stable. To check the movement of 
mutants, DCCM and PCA analysis were performed. 
The DCCM and PCA analysis of mutant1 indicate 
that its binding region’s movement is similar to that of 
the wild type enzyme. But, considerable changes are 
observed in the movement of the binding region of 
mutant2 suggesting that it might affect resveratrol 
binding. Stability of the enzymes after docking was 
checked by plotting RMSD value and all enzymes 
were found to be stable during the simulation. 
However, mutant1 shows a maximum number of a 
hydrogen bond formation with resveratrol. From these 
results it can be concluded that mutant1 has a better 
affinity toward substrate i.e. resveratrol. 
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